water. The data indicate that the maximum radius of the water column produced by the explosion is proportional to the cube root of the ratio of explosive yield to ambient pressure at the point of detonation. Further, the data show that the maximum radius of the column of water is proportional to the square root of the product of wave height and distance from the source. The conclusions of this scheme of analysis are being tested with hydrodynamic computer code calculations .
The Data
The data from explosion tests fired under the ocean floor in shallow water were analysed in order to gain information about the relationship between the characteristics of the water waves generated and the parameters of the explosion. Very few data are available since there have been few explosive tests of this type. All the available U.S. data are listed in Table 1 .
The U.S. Army Engineer Nuclear Cratering Group conducted a series of underwater cratering tests called Project 1 2 Tugboat. ' The tests consisted of four one-ton explosions detonated at different depths of burial in the ocean floor, one 10-ton explosion, two 20-ton explosions and one 40-ton explosion, all detonated beneath the ocean floor. The 20-ton and 40-ton explosions actually consisted of two and four charges of 10 tons each, respectively, separated horizontally by 100 to 120 ft. For the purposes of this analysis the 20-ton and 40-ton shots are assumed to be single charges. The explosive used in these tests was aluminized ammonium nitrate slurry, considered here to be equivalent in energy released to 1.62 TNT. These tests were underwater cratering experiments and were detonated in coral reef material. High speed motion pictures were taken of the test shots, and water wave measurements were made. 3 The Navy's Project HEAT consisted of ten shots of two tons each fired at In addition to these few high explosive tests, Glasstone reports the results of the Bikini test Baker, a 23 kt nuclear detonation in shallow water. He reports the measured wave heights, the range at which these measurements were made, and the approximate column radius.
Analysis
An empirical approach was used in the analysis of the data; however, dimensional analysis provided the basic relationships among the variables involved. Two useful dimensionless products emerge:
where L is a characteristic length (to be specified later), Y is yield (units of energy), p is pressure, p is density and g is the acceleration of gravity. Since we know that the wave energy per unit area is proportional to the square of the 2 wave height (H ) and the total energy is distributed over an area proportional to the square of the radius of the area of o the disturbance (R ), we see by dimensional considerations that we can specify 4 the characteristic length factor L , and can rewrite IL as
This product (3) appears promising, since for oscillatory waves due to a central disturbance the product HR should be constant for a given wave. We plot HR vs the yield Y in Pig. 1; the value of HR is the average for each wave measurement. In all cases H is the amplitude of the largest wave from crest to the following trough (in most cases this was the first wave in the train). The curves drawn show both the relationship given by Eq. (3) HR = C X Y 0#5 and the relationship determined by a leastsquares fit of the data, TIE = 297 X y 0,576 .
There are insufficient data to make any conclusions concerning the merits of either relation. Figure 1 does indicate, however, that there are other factors which have subtle but significant effects, and that all the experiments examined were not completely similar.
Next we try to specify the length factor L in the dimensionless product n 2 . It is known that depth of burst plays a significant role in underwater explosions, since the maximum size to which the bubble grows is a function of the ambient 7 pressure, hence of the depth of burst. Also, the maximum radius of the water column, R , is directly related to the maximum size of the gas bubble when it to the yield Y and the overburden pressure p; making this assumption leads us to rewrite n" as pR (4) Accordingly, Fig. 2 shows a plot of the maximum column radius vs the cube root of the ratio of yield to overburden pressure. The yield Y is expressed in tons to TNT equivalent and the overburden pressure p is expressed in feet of sea water (p = C X (D+33), where D is depth of submergence in feet). The available data, as can be seen, follow very closely (4) the relation dictated by the product n" .
At this point it was decided to use the maximum column radius to normalize wave height with respect to yield. A plot of the ratio of wave height to maximum column radius (H/R ) vs the ratio of distance to maximum column radius (R/R ) is shown in Fig. 3 . The available data lie within a band of two standard deviations about the best fit curve HR/R = constant. Thus the maximum ' c column radius R seems to be a good normalizing factor for eliminating the yield and over-burden pressure. Figure 4 is 6%. The effects of changes in water depth on the wave height were not considered due to lack of data. 
Conclusions
In this paper the author has assembled all the relevant U. S. underwater test data for the water wave problem, and has found a framework for interpretation based on similitude. The prediction of water wave phenomena resulting from nuclear explosions beneath the ocean floor may indeed be possible using this physical framework. However, hydrodynamic code calculations at intermediate to high yields are required to confirm this scheme in the absence of full-scale experimental data. Currently, calculations are being made which will permit -5-the modeling of underwater cratering flexibility of this code is proving to be explosions using the ABMAC hydrodynamic very valuable in the simulation of the 8 9 code as developed by Viecelli. ' The water wave phenomenon.
